Purpose Histone H3 lysine 9 (H3K9) methylation plays an important role in the regulation of preimplantation embryo development. G9a has been reported to be a major H3K9mono (m1)/ dimethylation(m2) methyltransferase and to contain nuclear localization signals. This study was performed to investigate the correlation between H3K9 methylation level and G9a localization when the nuclear membrane undergoes periodic reconstruction in the cell cycle during preimplantation embryo development. Methods The fluorescence intensity was examined via immunofluorescence. The mRNA expression of G9awas determined using real-time reverse transcriptase (RT)-PCR. Eight-cell embryos were cultured in KSOM supplemented with nocodazole (0.5 μM) for 12 h. Results In this study, it was observed that the fluorescence intensity of H3K9m2 and G9a began to increase significantly from the 4-cell stage and reached the peak at the morula stage (p<0.001), but the fluorescence intensity declined to 4-cell-stage levels when it reached the blastula stage. We observed a similar pattern when we examined G9a mRNA expression. Once the nuclear membrane disintegrated, G9a and H3K9m1 were not detectable by immunofluorescence; when it was reconstructed, G9a and H3K9m1 had relocated to the cell nucleus. However, no significant change was observed in the H3K9m2 localization or in the G9a mRNA level (p>0.05) during the whole process. JHDM2A was consistently localized in the cytoplasm irrespective of the presence or absence of a nuclear membrane. Conclusion These results indicate dynamic changes in the expression level of H3K9m2 and G9a as preimplantation embryogenesis progresses. G9a co-localized with H3K9 m1 in a nuclear membrane-dependent manner during mouse preimplantation embryo development.
Introduction
Eukaryotic genetic information is stored in chromatin, which consists of genomic DNA, histones, and wide array of chromosomal proteins. Chromatin templates undergo various post-translational modifications to regulate many distinct biological functions [1, 2] . Methylation of histone H3 lysine 9 (H3K9) to mono(m1)-, di(m2)-, and tri(m3)-methylated, is a well-conserved epigenetic mark that has a crucial role in the early development of the embryo and of the pluripotency of embryonic stem cells [3] .
In mammals, dynamic reprogramming of epigenetic events begins during gametogenesis and continues through embryogenesis [4] . DNA methylation at the symmetrical dinucleotide CpG by DNA methyltransferase are important in the epigenetics of embryonic reprogramming events [5] . Shortly after a sperm fertilizes an egg, the paternal genome rapidly undergoes genome-wide active DNA demethylation and remains demethylated following multiple rounds of cell division. During this time, the maternal genome undergoes gradual passive demethylation. Recently, new methylation patterns have been recognized during the development of the blastocyst [6] . In addition, more and more investigators have started to focus on the relationship between DNA methylation and histone modification. G9a is a histone lysine methyltransferase (HKMT) that can methylate histone H3K9 [7] . Studies have reported that G9a plays a role in the regulation of DNA methylation in the process of DNA replication [8] , in developmental reprogramming [9] , and in the establishment of mouse embryonic stem cells (mESCs) [10] . When extensive DNA demethylation occurred during the preimplantation stage of mouse embryos, the H3K9 methylation pattern changed, and the reason for this change is unknown. Biochemically, G9a can catalyze mono-, di-, and trimethylation reactions in H3K9 [11] . Studies of G9a-deficient cells have demonstrated that G9a is a major H3K9me1 and H3K9me2 HKMT of euchromatin [12] [13] [14] . In addition, it has been reported that G9a has two nuclear localization signals (NLSs) and that their deletion leads diffuse nuclear distribution [15] . It is still unknown whether G9a localization changes periodically during the periodic reconstruction of the cell nuclear membrane in the process of preimplantation embryo development, and whether it influences the methylation state of H3K9. Additionally, JHDM2A, also known as Jmjd1a and Kdm3a, is as a histone lysine demethylase (HKDM) that selectively demethylates H3K9m1 and -m2, with a preference for H3K9m2 in vivo [16] . The role of JHDM2A in the regulation of H3K9 methylation during periodic reconstruction of the cell nuclear membrane also remains unknown. Thus in this study, we investigated the dynamic pattern of H3K9 methylation and G9a during mouse preimplantation embryo development. We studied nocodazole-treated 8-cell embryos to confirm the localization of G9a/JHDM2A and H3K9m1/H3K9m2 during periodic reconstruction of the nuclear membrane in the cell cycle.
Materials and methods

Animals
The specific-pathogen-free (SPF) grade CD-1 (ICR) outbred mice were housed in the Laboratory Animal Center of the Institute of Genetics and Developmental Biology, Chinese Academy of Science. The study procedures adhered to and were consistent with the Guide of the Institute of Genetics and Developmental Biology for the Care and Use of Laboratory Animals, Chinese Academy of Science.
Collection and preservation of oocytes and embryos
Metaphase II oocytes and embryos (pronuclear (PN), 2-cell, 4-cell, 8-cell, morula, and blastocyst) were collected from the oviducts or uteri of 8-12-week-old female CD-1 (ICR) mice after sequential injection of 7.5 IU pregnant mare serum gonadotrophin (PMSG) and 7.5 IU human chorionic gonadotropin (HCG). Adherent cumulus cells were removed by hyaluronidase treatment, and the cumulus-cellfree oocytes and embryos were cultured in KSOM (Millipore, Bellerica, MA, USA) augmented with amino acids as described by Doherty et al. [17] .
Nocodazole treatment
A concentrated stock solution of nocodazole (SigmaAldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide at 5 mM and stored at 4°C. Eight-cell embryos were cultured in KSOM supplemented with nocodazole (0.5 μM) for 12 h under liquid paraffin at 37°C under a 5 % CO 2 and 95 % air atmosphere [18] . Nocodazole-treated 8-cell embryos were further cultured in nocodazole-free KSOM medium for 30 min.
Quantitative real-time PCR
A total of 150~200 embryos were pooled for each sample of embryos developed in vivo (containing different stages) and stored at −80°C until RNA extraction. Total RNA was extracted from each set of 150~200 embryos using TRIzol (Invitrogen, Grand Island, NY, USA) and treated with Rnasefree DNaseI (TURBO DNA-free kit; Ambion, Invitrogen). Quantitative RT-PCR (qRT-PCR) was performed with a Light Cycler thermocycler (ABI Prism 7900HT; Applied Biosystems, Foster City, CA, USA). Each reaction mixture consisted of 1.5~2 embryo equivalents of cDNA template, 500 nM of each primer, and 1x SYBR Green I Master Mix (Qiagen, Hilden, Germany) in a 20-μl reaction volume. A negative control (H 2 O replacing cDNA template) and a positive control (liver cDNA) were always included in each run. An initial 15 min at 95°C was followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. At the end of the run, a melting-curve analysis was performed to confirm the PCR product. Triplicates of each sample were simultaneously amplified, and the results were averaged to constitute one independent replicate. A threshold cycle (CT) standard curve was constructed using serial 10-fold dilutions of a known concentration of template (prepared by PCR from embryo cDNA). The number of mRNA copies per embryo was determined using the absolute quantification method according to the manufacturer's instructions. Amplicon size was confirmed by agarose gel electrophoresis. All data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer pairs used were as follows: G9a (forward primer: 5′-TCGGGCAATCAGTCAGACAG-3′; reverse primer: 5′-TGAGGAACCCACACCATTCAC -3′), GAPDH (forward primer: 5′-AGGAGCGAGACCCCCTAACAT-3′; reverse primer: 5′-GTGAAGACACCAGTAGACTCCACG-3′).
Immunofluorescence
The embryos were compared by placing two different consecutive developmental stages under the same cover slip and photographing them in pairs (e.g., PN and 2-cell embryo, 2-cell and 4-cell embryo, 4-cell embryo and 8-cell embryo, etc.). By placing them side by side, we ensured the comparison of fluorescence intensity between different developmental stages. Furthermore, the fluorescence intensity at different stages of one embryo was standardized to correct the error between embryos.
The method used for immunofluorescence was adapted from the work of Santos and colleagues [19] , with some modifications. All steps were performed at room temperature, unless otherwise mentioned. The collected oocytes/ embryos were fixed with 4 % paraformaldehyde for 30 min, and then permeabilized with 0.1 % Triton X-100 for 30 min in PBS. After being washed three times, all samples were incubated overnight in a blocking solution (4 % bovine serum albumin (BSA) and 0.01 % Tween-20 in phosphate buffered saline (PBS) at 4°C. Then oocytes/ embryos were incubated overnight at 4°C with the primary antibodies to H3K9 mono-methylation (dilution 1:250 Abcam (Cambridge, UK)), H3K9 di-methylation (dilution 1:250, Abcam), G9a (dilution 1:200, Invitrogen (Carlsbad, CA, USA)), and JHDM2A (dilution 1:200, Invitrogen). (All of the primary antibodies were generated in rabbits except G9a, which was generated in mice.) After being washed three times, the oocytes/embryos were incubated for 1 h with a goat anti-rabbit second antibody (dilution 1:1000, Alexa Fluor® 594 Dye, Invitrogen) and goat anti-mouse second antibody (dilution 1:1000, Alexa Fluor® 488 Dye). Finally, the DNA was stained with Hoechst 33258 (10 μg/ ml), and all the samples were mounted in anti-fade solution. At least 10 oocytes/embryos were processed for each separate sample, and the experiments were replicated at least three times.
Confocal microscopy and statistical analyses
Stained embryos mounted on slides were observed on a LSM 510 META microscope (Zeiss, Heidenheim, Germany) using the excitation wavelengths of 488 nm and 594 nm. Each channel signal was collected sequentially. For each experiment, the same detector gain, amplifier offset, and pinhole parameters were used. The fluorescence intensity of all collected images was quantified using Adobe Photoshop software (Adobe Systems, San Jose, CA), without any adjustment of contrast and brightness to the images. All data analyses were conducted using SPSS 13.0 software (SPSS Inc, Chicago, IL). Statistical significance (P-value) was analyzed using one-way ANOVA, where P<0.05 was considered to be statistically significant.
Results
Dynamic pattern in H3K9m2 during mouse preimplantation embryo development
To accurately quantify the H3K9m2 and G9a change during the mouse preimplantation embryo development, the embryos were compared by placing two different developmental stages under the same cover slip and photographing them in pairs (e.g., PN and 2-cell embryo, 2-cell and 4-cell embryo, 4-cell embryo and 8-cell embryo, etc.). By placing them side by side, we ensured the comparison of fluorescence intensity between different developmental stages. Furthermore, the fluorescence intensity at different stages of one embryo was standardized to correct the error between embryos. This eliminated the potential error from different batches of repeated experiments and from personal error during confocal imaging.
Overall, the fluorescence intensity of H3K9m2 and G9a showed a dynamic change as the embryos progressed. The fluorescence intensity of H3K9m2 and G9a was relatively weaker before the 2-cell stage, and it significantly increased from the 4-cell stage (p<0.001), reaching its peak value at the morula stage (p<0.001). But during the blastocyst stage, the fluorescence intensity decreased to the levels of the 4-cell stage (p00.12) (Fig. 1a and b) . Further, we examined the G9a mRNA expression using real-time RT-PCR, which indicated that there was a similar pattern between the fluorescence intensity of H3K9m2 and G9a and G9a mRNA expression (Fig. 1c) . In addition, the fluorescence intensity of H3K9m2 was significantly lower than that of the nondegraded polar body (Fig. 1, white circle) at the PN stages, which demonstrates that the decreased fluorescence intensity of H3K9m2 was specific for the embryonic cells.
Inconsistent localization of H3K9m2 and G9a when cell nuclear membrane of egg or zygote disintegrated Mouse G9a is well known as a major H3K9m1/m2 methyltransferase. In this study, when the cell nuclear membrane disintegrated, the G9a was detected neither in eggs nor the zygote at different development stages (Fig. 2) . However, G9a relocated in the cell nucleus as the cell cycle proceeded. To confirm that H3K9m2 had the same pattern, with G9a as the nuclear membrane during periodic reconstruction in the cell cycle, double-antibody staining of G9a and H3K9m2 were performed. Surprisingly, no periodic localization changes occurred in H3K9m2 (Fig. 2) .
G9a specifically regulated H3K9m1 in a nuclear membranedependent manner Thereafter, the state of H3K9m1 was studied when the G9a localization periodically changed as the cell cycle proceeded. Eight-cell embryos were selected for observation because of their relatively higher fluorescence intensity of H3K9 methylation (Fig. 1a) and the moderate blastomere number. In the nocodazole-treated identical 8-cell embryos, the cell cycle was not completely synchronous in different blastomeres: Some still had nuclear membrane, while the nuclear membranes of the others had disintegrated and their chromosomes had diffused into the cytoplasm. G9a was distinctly located in the cell nuclei of blastomeres with nuclear membrane and was not detected in blastomeres with disintegrated nuclear membranes. However, the localization and fluorescence intensity of H3K9m2 were not affected by the presence or absence of the nuclear membrane. We continued to culture the nocodazole-treated 8-cell embryos in KSOM solution without nocodazole for 30 min until they progressed into metaphase or anaphase, then we conducted double-antibody staining of G9a and H3K9m2. The results show that G9a was not detected in all of the blastomeres, but no significant change was observed in H3K9m2 (Fig. 3a) . A similar method was applied to determine the correlation between G9a and H3K9m1 localization. The results indicate that co-localization was present between G9a and H3K9m1, both of which were nuclear membrane-dependent, as the cell cycle proceeded (Fig. 3b) . Compared with the control, there was no significant difference in the G9a mRNA expression level of nocodazole-treated 8-cell embryos irrespective of the presence or absence of a nuclear membrane (Fig. 3c, p>0.05) .
No correlation between H3K9m1 demethylation and JHDM2A when the nuclear membrane disintegrated
The double-antibody staining of G9a and JHDM2A in nocodazole-treated 8-cell embryos was performed to determine whether H3K9m1 demethylation was regulated by JHDM2A demethylase. The results indicate that JHDM2A was consistently located in the cytoplasm, did not enter into the cell nucleus, and had no association with H3K9m1 demethylation (Fig. 4) .
Discussion
The results of our experiments represent the dynamic pattern of change of H3K9m2 and G9a during the mouse preimplantation embryo development. In addition, our results also reveal that G9a can periodically regulate H3K9m1 in a nuclear membrane-dependent manner.
Nocodazole has been proven to have the least side effects on mouse embryo development compared with other commonly used cell-cycle arrest agents, such as 6-dimethylaminopurine (6-DMAP) and aphidicolin [20] . The treatment concentration and time of nocodazole varies significantly between the embryo and the somatic cells [21] . Additionally, different treatment concentrations of nocodazole are effective among the early embryos of different species, such as pig (100 μM) [22] , cattle (0.33 μM) [23] , goat (0.3 μg/ml) [24] , rabbit (0.4 μg/ml) [5] , and Xenopus (10 μg/ml) [25] . In mouse embryos, 10 μM nocodazole was used in early studies [26] [27] [28] . One study has demonstrated that high concentration and long-term nocodazole treatment Control indicates the untreated 8-cell embryos; nocodazole indicates the 8-cell embryo treated with nocodazole (0.5 μM) for 12 h; nocodazole-2 indicates 8-cell embryo treated with nocodazole (0.5 μM) for 12 h and then cultured in nocodazole-free KSOM medium for another 30 min resulted in chromosomal abnormality or even embryo-lethal mutants [29] . A 0.05-0.5 μM nocodazole treatment blocked the cell cycle, but it did not damage embryonic development [30] . Therefore, 0.5 μM nocodazole was selected in this study to treat 8-cell mouse embryos. This treatment not only blocked the cell cycle at pre-metaphase but also allowed cells to continue to develop into the blastula stage once cultured in KSOM without nocodazole. Moreover, the developmental rate of embyros treated with nocodazole was not significantly different from that of untreated embryos cultured in vitro, which further demonstrates that treatment of nocodazole is reversible and safe to pre-implantation embryo development (nocodazole treated 8-cell embryos develop into blastocysts in 24 h when cultured in KSOM without nocodazole).
Development after fertilization mainly depends on the translation of the maternal mRNA until the later 2-cell stage, when the zygotic genome is activated and supports further embryo development. Affymetrix microarrays have been used to characterize global patterns of genes expression that accompany the development of preimplantation embryos of mice [31, 32] . The results were as follows: the expression profiles of oocytes and 1-cell embryos were very similar, presumably because the mRNA complement of the 1-cell embryo was inherited from the oocyte. A major reprogramming of gene expression occurred concomitant with zygotic genome activation (ZGA) during the 2-cell stage, and the expression profile of the 2-cell embryos differed markedly from that of oocytes/1-cell embryos and 8-cell embryos/ blastocysts. In mice, ZGA was concomitant with extensive epigenetic remodeling of the parental genomes into the newly formed embryos [33] . Our results reveal that the fluorescence intensity of H3K9m2 and G9a began to significantly increase from the 4-cell stage and reached the peak value at the morula stage, but the fluorescence intensity decreased to the levels of the 4-cell stage during the blastocyst stage. An epigenetic remodeling phenomenon during mouse preimplantation embryo development may be indicated, which might be involved in ZGA regulation. Another study indicated that an epigenetic modification was associated with transcriptional repressive genes in fertilized embryos [6] . DNA methylation levels gradually declined after the 2-cell stage, reached the minimum level at morula stage, and were restored to 2-cell-stage levels during the blastocyst stage.
Gene expression is well known as an orderly and controllable process. When the zygotic gene began to translate after the 2-cell stage, the DNA methylation level significantly decreased to support gene transcription. However, if there were no other regulated mechanisms controlling zygotic genome expression at the same time, the gene expression would be out of control and, further, detrimental to embryo development. Therefore, combined with our results, it was assumed that the reverse methylation pattern of H3K9 (compared with DNA methylation) played a crucial role in the regulation of zygotic gene expression when a genomic DNA methylation was absent. Once the DNA methylation level was restored, the H3K9 methylation level subsequently declined, and DNA methylation resumed a major role in the regulation of genomic gene expression.
In addition, these results also show that, regardless of eggs or fertilized embryos, G9a was not detected by immunofluorescenceonce the nuclear membrane disintegrated. However, when the nuclear membrane reformed, the G9a re-localized into the cell nucleus. We further confirmed the phenomenon in the nocodazole-treated 8-cell embryos using immunofluorescence ( Fig. 3a and b) . There was no significant difference between nocodazole-treated and untreated 8-cell embryos when the G9a mRNA expression was examined using real-time RT-PCR (Fig. 3c) . Therefore, we speculated that the disappearance of G9a (i.e., could not be detected by immunofluorescence) when the nuclear membrane disintegrated may have been caused by the following reasons. The first reason, the mouse G9a contained two nuclear localization signals(NLS) [15] , so, it would diffuse into the whole cytoplasm since unable localize to the nuclear membrane, and thus was not detected by immunofluorescence due to low concentration. The second reason, the G9a protein maybe regulated by some post-transcriptional regulation. We prefer to support the first speculation, not only because the mouse indeed contained two NLS but also because these signals were conserved in mammals [15] . Even in Drosophila, the nuclear localization signal of G9a has been identified [34] , which suggests that the cell nucleus localization of G9a is highly conserved and that its own biological function is very important. In addition, in evolutionary terms, an organism would not produce a protein and then degrade it repeatedly within the limited time frame because it would be an extreme waste of biosynthetic energy [35] . And the regulated mechanism of a protein always evolves into an economic design under the pressure of nature selection [36, 37] .
Our further studies have shown consistent localization between H3K9m1 and G9a, both of which were accompanied by periodic reconstruction of the nuclear membrane. In contrast, H3K9m2 did not display a similar trend, which is not in agreement with the previous study of G9a function [38] . Tachibana and his colleagues showed that the modification levels of both H3K9m1 and -m2 were significantly reduced in G9a-deficient germ cells. This may have resulted from the fact that G9a first catalyzed H3K9m1 and then H3K9m2. Between the two, H3K9m1 was the intermediate status, being the precondition for H3K9m2 formation, which represents a stable state. Therefore, knockout of G9a resulted in the decrease of both H3K9m1 and -m2 due to the inability to catalyze H3K9m1. In addition, one study has reported that JHDM2A is a specific demethylase for H3K9m1 and -m2 [10] . However, the results of this study show that JHDM2A was not involved in the demethylation process of H3K9m1 when the nuclear membrane disintegrated. Therefore, on the basis of this study, the following hypothesis was formulated: In the process of early embryo development, G9a periodically accumulates in the cell nucleus as the periodic reconstruction of the nuclear membrane proceeds. The H3K9m1 modification is completed using S-adenosyl methionine (SAM) as a methyl donor [39] . During this process, G9a plays a role in transferring a methyl to H3K9 and sustaining the H3K9m1; that is, G9a methylates H3K9m1, and the demethylation process of H3K9m1 occurs in the absence of G9a (not associated with JHDM2A). H3K9m1 is further methylated into H3K9m2 by G9a, which is a more stable histone modification. In early embryonic development, gene expression is co-managed by complementary methylation levels of H3K9 and DNA [6] to ensure normal embryo development (Fig. 5) . To evaluate the biological function of H3K9m1 in a future study, we aim to introduce Bix-01294, a selective, reversible inhibitor of G9aHMTase that specifically suppresses G9a activity at different stages during preimplantation embryo development. Additionally, signaling pathway of G9a periodic change will also be identified.
